Annular patterns with a high degree of zonal symmetry play a prominent role in the 5 natural variability of the atmospheric circulation and its response to external forcing. But 6 despite their apparent importance for understanding climate variability, the processes that 7 give rise to their marked zonally symmetric components remain largely unclear. 
(annular) mode 1 .
133
The ordering of the Fourier coe cients depends on the Fourier decomposition of f . The 134 covariance function f ( ) is defined for 0   ⇡, where we express longitude in radians.
135
The variance associated with a mode of wavenumber k is then given by
For all k other than 0, there will be two modes, each characterizing this amount of variance.
137
Setting k = 0 in (3) shows that the integral of the autocorrelation function determines given base point and all other points. This will hold even in cases where the annular mode
142
is not the first EOF.
143
Returning to the simple stochastic models in Section 2, we can now see how the two mod-144 els were designed to have the same annular mode. The average value of the two covariance For a discrete system with n points in longitude, the missing partner to the wavenumber 0 mode is one of the wavenumber n/2 modes which is degenerate, appearing constant on the discrete grid. But for any realistic geophysical flow the variance decays quickly for high wavenumbers and this mode is insignificant.
given by the global baseline correlation of 0.1. The other half is attributable to the positive 151 correlation on local scales, reflecting the spatial redness of the circulation.
152
Model X 2 shows that even in a system with dynamical annularity, the "strength" of the 
158
It follows that an annular EOF is more likely to reflect dynamical annularity when there is 159 large separation between the variance explained by it and higher order modes. In this case,
160
the "average correlation" over all longitudes arises from far field correlation, not just the 161 spatial redness of the circulation.
162
The models in Section 2 are two examples from a family of stochastic systems with spatial regions where the first EOF explains about twice the variance of the second EOF.
178
At the origin of the plot (↵ ! 0 and = 0), the system approaches the white noise limit,
179
and all EOFs become degenerate. Traveling right along the x-axis from the origin (i.e., to a single longitude, so all higher modes are degenerate, and the strength of the annular 184 mode derives entirely from dynamical annularity.
185
If one instead travels upward from the origin, allowing ↵ to increase but keeping = 0, the 186 strength of the annular mode increases as well, despite their being no dynamical annularity.
187
These are systems where the annular mode only reflects the annularity of the statistics, not 188 annularity of the motions. As ↵ gets increasingly large, positive correlations will develop sphere. The equilibrium temperature profile is independent of longitude and time, so there 231 is no annual cycle.
232
A key parameter setting the structure of the equilibrium temperature profile is the tem-
233
perature di↵erence between the equator and pole, denoted ( T ) y by Held and Suarez (1994).
234
As explored in a number of studies (e. With a weaker temperature gradient, ( T ) y = 40 C, the jets weaken and shifts equatorward 246 to approximately 38 .
247
The annular modes, defined as the first EOF of zonal mean SLP following Gerber et al. 
255
The top row in Fig. 5 
268
We focus first on the equatorward center of action of the annular mode (left column).
269
The spatial decorrelation scale of SLP anomalies is approximately 60 longitude in both 270 integrations (Fig. 5a ). The east-west structure of the correlations reflects the scale of syn- to the dynamical annularity; half due to the spatial redness of the flow.
294
The annularity of flow is notably di↵erent along the node of the annular mode, which 295 coincides roughly with the maximum in the climatological jet stream ( Fig. 5b and e). The which would be reflected by dynamical annularity in SLP at this latitude.
303
At the minimum of the annular mode pattern on the poleward flank of the jet stream, 
382
The results shown in Fig. 7 are based on 10 day low pass filtered data. As discussed in degenerate.
415
The key point derived from Figs. 7 and 8 is that the "average correlation function" pro-
416
vides a clear sense of where the EOFs of the flow derive from robust dynamical annularity.
417
The circulation exhibits globally coherent motions in the tropics and high latitudes, partic-418 ularly in the SH high latitudes (Fig. 7) , and it is over these regions that the leading EOFs integral of the correlation structure fixed.
485
In the first fit (red curve, Fig. 11a ), we optimize the stochastic model at short range,
486
approximating the fall in local correlation in EKE as a Gaussian with width ↵ = 17 degrees.
487
To maintain the variance expressed by the top EOF, parameter must then be set to 0.08.
488
This choice e↵ectively lumps the midrange shoulder of the EKE 300 correlation (30-100 ) 489 with the long range (100-180 ), where the observed correlation drops to about 0.03. As 490 a result, the stochastic model exhibits a stronger separation between the first and second
491
EOFs than for EKE 300 (red triangles vs. black squares in Fig. 11b ).
492
An advantage of fitting the data to the simple stochastic model is that it allows us to 493 explicitly quantify the role of dynamical annularity. Since the variance expressed by the 494 annular mode is just the integral of correlation function (equation 3), the contribution of the 495 long range correlation (dynamical annularity) to the total power of the annular mode is:
where we have expressed longitude and parameter ↵ in degrees. For the approximation 497 on the left hand side, we assume that ↵ << 180, such that the local correlation does not 498 significantly wrap around the latitude circle. For the "red" model in Fig. 11 , dynamical 499 annularity accounts for half of the total strength of the annular mode. Given the fact that it 500 exhibits a stronger separation between the first and second EOFs, however, this is an upper 501 bound on the role of dynamical annularity in EKE 300 at 46 S.
502
We obtain a lower bound on the dynamical annularity with the blue fit in Fig. 11a , where 503 the correlation structure is explicitly matched at long range. To conserve the total integral,
504
parameter ↵ in this case must be set to 27 , e↵ectively lumping in the shoulder between 505 30 and 100 with the local correlation. These parameters would suggest that dynamical 506 annularity contributes only 1/5 th of annular mode variance. This is clearly a lower limit, 507 however, as the separation between the first and second EOFs (Fig. 11b) is too small relative 508 to that of EKE 300 .
509
Lastly, we use both degrees of freedom of the stochastic model to find an optimal fit of ii. the tropospheric zonal flow near ⇠15 degrees latitude; these features arises via geostro-567 phy and the dynamic annularity of the tropical Z field.
568

22
iii. the zonal wind field in the equatorial stratosphere, which reflects the QBO, 
575
The annular leading EOFs of the midlatitude flow have been examined extensively in 576 previous work, but to our knowledge, the annular nature of tropical tropospheric Z has 577 received less attention. We intend to investigate this feature in more detail in a future study.
578
Technical details of the stochastic models
584
The stochastic models in Section 2 are, in a sense, constructed in reverse, starting with 585 the desired result. We begin with the correlation structure f , as shown in Fig. 1c, and   586 project it onto cosine modes as in (3). This gives us the EOF spectra shown in Fig. 2c,   587 i.e., how much variance (which we now denote v k ) should be associated with each mode of 588 wavenumber k. Note that not all correlation structures are possible. A su cient criteria,
589
however, is that the projection of every cosine mode onto f is non-negative (i.e., all v k 0).
590
Realizations of the models, as shown in 1a and b, are constructed by moving back into 591 grid space,
where all the k,j are independent samples from a Normal distribution with unit variance 593 and is given in radians. In practise only the top 15 wavenumbers are needed, as the 594 contribution of higher order modes becomes trivial.
595
Note that it is possible to construct an infinite number of stochastic systems which 596 have the same correlation structure f . We have take a simple approach by using the Normal 597 distribution to introduce randomness. Any distribution with mean zero could be used, which 598 would impact the variations in individual samples -and so the convergence of the system in 599 j -but not the statistical properties in the limit of infinite sampling. three EOFs for models 1 and 2, respectively, normalized to have unit variance.
690
In the limit of infinite sampling, the EOF patterns from the two models are 
